Abstract: The aim of this work was to investigate the feasibility of cross-linker free polyelectrolyte complex formation at the nanoscale between carrageenan (CAR) and protamine (PROT). The properties of CAR/PROT nanoparticles (NPs) were dependent on the carrageenan type: kappa (KC), iota (IC) and lambda (LC), concentration of components, addition of divalent cations, weight mixing ratio (WMR) of constituents and mode of component addition. In the case of 0.1% w/v solutions, ICbased NPs had the smallest particle sizes (100-150 nm) and low polydispersity indices (0.1-0.4). A decrease in the solution concentration from 0.1% to 0.05% w/v enabled the formation of KC/PROT NPs. All carrageenans exhibited the ability to form NPs with surface charge ranging from -190 to 40 mV. The inclusion of divalent cations caused an increase in the particle size and zeta potential. Infrared analysis confirmed the presence of a complex between CAR and PROT and showed that IC chains undergo structural changes when forming NPs. Colloidal stability of NPs was related to the initial surface charge of particles and was time-and pH-dependent. IC was found to be the most suitable type of CAR when forming nanoplexes with PROT.
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Introduction 18
Recent advances in pharmaceutical nanotechnology are focused on using polymeric 19 nanoparticulate systems as carriers for drugs (Delie & Blanco-Prieto, 2005) . Nanoparticles 20 (NPs) formulated from natural polymers have attracted considerable interest (Hans & 21 Lowman, 2002) . NPs have many advantages, such as the potential to retain protein stability, 22 increase duration of therapeutic effects of proteins and they can be administered by 23 nonparenteral routes (Sarmento, Bibeiro, Veiga, Ferreira and Neufeld, 2007) . Natural 24 polymers extensively studied for drug delivery purposes include polysaccharides such as 25 alginate, chitosan, carrageenan (CAR) and proteins, for example casein and gelatin (Sonia & 26 Sharma, 2012) . 27
Polymers, especially those of natural origin, are often composed of subunits capable of 28 bearing charge, thus the polyelectrolyte complexation method of NP preparation has 29 received increasing attention in recent years. NPs formed by this method have several 30 characteristic advantages for cellular uptake and colloidal stability, including suitable 31 diameter, surface charge, spherical morphologies and low polydispersity indices (Bayat et 32 al., 2008) . Furthermore, the preparation of NPs by polyelectrolyte complexation methods can 33 be carried out in completely aqueous conditions and at ambient temperature; therefore the 34 stability and biological activity of loaded peptides would not be affected (Hu, Yang and Hu, 35 A Thermo Electron Orion 420A + Basic pH/mV/ORP 25 ºC, Thermo Electron Corporation pH 130 meter equipped with an Orion Rose TM 8103SC glass body pH semi-micro electrode was 131 used to perform pH analyses. pH measurement of each sample was conducted in triplicate 132 at 25 ºC. The pH meter was calibrated with standard buffer solutions at pH 4, 7 and 10 133 before each batch of sample measurements. The results are given as an average value of 134 three measurements ± SD. 135
Gel Permeation Chromatography (GPC) measurements of the molecular weight of 136 carrageenans were performed using a system composed of an LC-10 AT VD liquid 137 chromatograph pump system, a SIL-10 AD VP autoinjector, a FCV-10 AL VP low pressure 138 gradient flow-control valve, a DGU-14A degasser, a Waters 410 refractive index detector 139
and an SCL-10A VP system controller (Shimadzu, Japan). A Plaquagel-OH mixed 8 µm, 140 300 × 7.5 mm column (Polymer Laboratories Ltd., UK) was used. The mobile phase was 141 composed of 0.2M NaCl and 0.01M NaH 2 PO 4 adjusted to pH 7.4 with NaOH solution 142 (Umerska et al., 2012) . The mobile phase flow rate in each case was 1 ml/min. Pullulan 143 standards (PL Polymer Laboratoires, Germany) were used to construct the calibration curve. 144
Solutions of standards and samples (1 mg/ml) were prepared in the mobile phase and 100 μl 145 of samples or standards were injected in triplicate. Shimadzu CLASS-VP software (version 146 6.10) with GPC for Class VP (version 1.02) was used for data collection and peak 147
integration. 148
Two methods of NP preparation were considered: 158
Method_A. An aliquot of PROT solution was added to an aliquot of polymer solution under 159 magnetic stirring. Stirring was continued for 10 minutes. 160
Method_B. An aliquot of polymer solution was introduced to an aliquot of PROT solution 161 under magnetic stirring. Stirring was continued for 10 minutes. 162
To examine the impact of divalent cations on IC/PROT NPs formation, CaCl 2 (final 163 concentration of 0.05 M and 0.01 M) and ZnCl 2 (final concentration of 0.01 M) were 164 dissolved in 0.1% w/v solution of PROT. The polymer and PROT/cation solutions were 165 combined together in various v/v ratios at room temperature and mixed under magnetic 166 stirring for 10 minutes to allow stabilisation of the system. 167
Physicochemical characterisation of NPs 168
The mean particle size (hydrodynamic particle diameter) and polydispersity index (PdI) of 169 prepared polyelectrolyte complexes were determined by dynamic light scattering (DLS) with 170 the use of 173 degrees backscatter detection. The value of material refractive index used 171 was 1.59, while that of absorption 0.01. Actual values of medium viscosity were input and 172 the refractive index of dispersant was kept 1.33, the same as water. The electrophoretic 173 mobility values measured by Laser Doppler Velocimetry (LDV) were converted to zeta 174
potential (ZP) values using the Smoluchowski equation. Both measurements (DLS and LDV) 175
were performed on a Zetasizer Nano ZS series Nano-ZS ZEN3600 fitted with a 633 nm laser 176 (Malvern Instruments Ltd., UK). Samples without dilutions were placed directly into a clear 177 plastic zeta cell (DTS 1061, Malvern, UK) and equilibrated for 2 min at 25 ºC prior to the 178 measurement. The readings for each sample were performed at least three times and at 179 least three batches of each sample were prepared and analysed. The results are presented 180 as an average of size ± SD, polydispersity index (PdI) ± SD and ZP ± SD. 181
Viscosity and pH measurements were performed in the same way as described above in 182 Section 2.2. 183 FTIR analysis was performed on CAR/PROT systems produced by combining 0.1% w/v
The structural and morphological analysis of NPs was performed by transmission electron 186 microscopy (TEM) and scanning electron microscopy (SEM Measurements and visual observations were performed directly after sample preparation 199 (day 0) and were continued every 24h for a further 3 days. 200
The colloidal, physical stability of NPs in the following liquid media: 0.01M HCl, 0.1M acetate 201 buffer pH 4.5, 0.1M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer pH 202 6.5 and 0.01M phosphate buffered saline (PBS) pH 7.4 was also determined. The aqueous 203 dispersions of NPs were diluted with a suitable medium in the 1:1 v/v ratio. The colloidal 204 stability of the prepared NPs was determined by measuring changes in the mean 205 hydrodynamic particle size over time. Measurements and visual observations were 206 performed directly after sample preparation (day 0) and were continued every 24h for 207 another 3 days. 208
Statistical analysis 209
The statistical significance of the differences between samples was determined by one-way 210 analysis of variance (ANOVA) using Origin software version 7.5.
Formulation of NPs composed of various types of carrageenan and PROT 214

Impact of carrageenan type and solution concentration on NP formation 215
The molecular weight of the polymers was determined by GPC and it ranged from ~600 to 216 ~700 kDa (Table 1) . It was therefore assumed that only differences in the polymer chemical 217 composition and/or structural differences (Figure 1 ), but not molecular weight, may affect the 218 NP formation. The molecular weight of the polymer is reported as a crucial parameter that 219 determines the success of the polymeric NP formation process, as established by Boddohi, 220
Killingsworth and Kipper (2008) and Umerska et al. (2012) . 221
Preliminary studies were first executed to examine each type of CAR for its ability to form 222
PECs with PROT. CAR and PROT solutions (each at 1 mg/ml) were combined at various 223 CAR/PROT WMRs using manufacturing Method_A, as previously employed by Umerska et 224 al. (2012) . The combination of IC and PROT gave the smallest particles with the lowest PdIs 225 when compared with the KC/PROT and LC/PROT systems (Figure 2A and 2B). The particle 226 size and PdI were seen to increase with increasing CAR/PROT WMR. Formation of large 227
particulates, an indication of coagulation or aggregation, was observed for most of the 228 KC/PROT WMRs tested (Figure 2A ). High PdI values were measured for the KC/PROT 229 samples with particles in the nano size range ( Figure 2B ). SEM analysis (Figure 3) showed 230 the presence of NPs and not microparticles, thus it may be concluded that the appearance of 231 large particles for some of the KC/PROT systems was symptomatic of an aggregation 232 process rather than coagulation. NPs with particle sizes of ~100-350 nm were formed when 233 combining LC and PROT solutions (Figure 2A ). Generally, LC/PROT NPs were larger in size 234 when the LC/PROT WMRs was lower than 1. 235
All combinations tested: KC/PROT, IC/PROT and LC/PROT showed the formation of large 236 entities at a WMR of 1, consistent with charge neutralisation occurring at this CAR/PROT 237 WMR (Boddohi et al., 2008; Umerska et al., 2012) . This was an interesting finding, as the 238 different types of CAR vary in the number of sulphate residues in their structures (Figure 1 ) 239 and in theory each of them should have a different, characteristic charge neutralisation point.27% (Table 1) , which can be considered similar. Since the pKa value of the anionic sulphate 242 group in CAR is around 2 (Gu, Decker and McClements, 2004) , at pH of the CAR solution 243 (Table 1) and at high temperatures. On reduction of this temperature a double-helix structure is 256 induced to form small independent domains via intermolecular interactions between a limited 257 number of polysaccharide chains. KC forms honeycomb-like, hard gel structures while IC 258 forms soft, elastic gel structures (Thrimawithana et al., 2010) . LC does not form gels and it is 259 characterised by a random distribution of polymer chains in solution (Berth et al., 2008) . 260
Conformation dependent interactions of carrageenans with other polymers and drugs have 261
been reported in the literature. Thrimawithana, Young, Bunt, Geen, and Alany (2011) 262 highlighted that, in the coiled conformation, the sulphate groups of carrageenans are further 263 apart (at a distance of about 1 nm) than in the helix conformation (about 0.66 nm). As such, 264 long range intermolecular forces between the sulphate groups are weaker in the coiled 265 formation. Therefore, the polyanionic character of carrageenans would appear more 266 important for polyelectrolyte complexation when present in the helix form and inducing this 267 helix conformation of CAR polymers when interacting with the polycation PROT would 268 appear to be most desirable for NP formulation via polyelectrolyte complexation.
KC was seen as the most problematic of the polymers used in initial formulation studies 270 using 1 mg/ml CAR solutions, with large, aggregated particles being produced at almost all 271 KC/PROT weight ratios studied ( Figure 2) . A lower concentration, 0.5 mg/ml, of KC and 272
PROT solutions was investigated and allowed the formation of particulates in the nano size 273 range for all weight mixing ratios tested ( made of 1 mg/ml solutions. While it was possible to obtain NPs based on KC when lowering 276 its concentration, it is important to note that previous reports in the literature have indicated 277 that typically a greater association efficiency of the drug can be achieved when greater 278 concentration of polymers is used in their formulation (Sarmento, Ribeiro, Veiga and 279 Ferreira, 2006; Gupta and Karar, 2011) . Thus NPs with a total polymer content of 1 mg/ml 280 would be most desirable in terms of future studies on drug loading. 281
Overall, the CAR conformation in solution and its solution concentration appear to be the key 282 determinants of success when forming polyelectrolyte nanoplexes with PROT. IC showed 283 the most promising characteristics and small, homogenous and bearing either negative or 284 positive surface charge NPs were successfully formed at 1 mg/ml solution concentrations. 285
Additionally, it should be noted that amines (PROT is rich in arginine moieties) can induce 286 ionic gelation of IC (Yeo, Baek and Park, 2001) . 287
Impact of the preparation method on properties of NPs 288
Polyion addition mode is known to govern properties of polyelectrolyte nanoplexes (Chen, 289 Heitmann and Hubbe, 2003; Dragan, Mihai and Schwarz, 2006; Birch & Schiffman, 2014 ). In 290 experiments described in the previous section Method_A (an aliquot of PROT solution was 291 added to a volume of HA solution) was used. A method involving the reverse addition of 292 components (a volume of PROT solution introduced to a volume of PROT solution), i.e. 293
Method_B, was also tested on KC/PROT (with a total polymer content of 0.5 mg/ml) and 294 IC/PROT (with a total polymer content of 1 mg/ml) systems. 295
Preparation Method_A yielded NPs that were generally smaller in size and with lower PdI 296 values in case of negatively charged NPs (a CAR/PROT WMR of 5, Figure 4A and B) thanthose generated using Method_B. Also, Method_A allowed the formation of NPs at a 298 CAR/PROT WMR of 2, while Method_B resulted in samples containing large particles at this 299 WMR. Statistically significant differences between the size of NPs were also observed for 300 KC/PROT and IC/PROT at CAR/PROT WMRs of 0.2 and 0.5, but it was Method_B that gave 301
smaller NPs for IC/PROT while Method_A resulted in smaller NPs for KC/PROT ( Figure 4A) . 302
The variation in the particle size and PdI was not reflected in similar changes in dynamic 303 viscosity and ZP values ( Figure 4C and D) , and no general trends were discerned. 304
Birch and Schiffman (2014) investigated the order of solution addition, when making 305 chitosan and pectin polyelectrolyte nanoplexes. Substantial differences in particle sizes and 306 ZP values were seen, but the mechanism rationalising the variation was not provided. 307
Dragan et al. found that the charge neutralisation point of the complexes formed between 308 acrylamide or methacrylate derivatives of poly(sulphonate)s and poly(quaternary amine)s 309 was dependent on whether the titrant was the polyanion or polycation (Dragan et al., 2006) . 310
In all cases when the polycation was added to the polyanion, the molar charge ratio between 311 the cationic and anionic species was shifted to higher values. This behaviour was explained 312 by the charge localisation on the polycations, making them less efficient in the stabilisation of 313 complex particles with the polyanion; thus larger in size aggregates were formed. The 314 findings of Dragan et al. (2006) can be translated into the observed increase in the particle 315 size of IC/PROT and KC/PROT NPs at a CAR/PROT WMP of 5 as well as KC/PROT at a 316 CAR/PROT WMP of 0.2 and 0.5, when much larger particles, indicative of a looser structure 317 and weaker species interactions, were formed using Method_B ( Figure 4A and D) . Also, 318
Method_A permitted successful NP production at a CAR/PROT WMP of 2, while extensive 319 aggregation was seen for Method_B. 320
However, Method_B yielded smaller particles, and with lower ZP values, for IC/PROT WMRs 321 of 0.2 and 0.5, in comparison to Method_A, so the supposition of lower polycation efficiency 322 does not hold for these samples. 323
While it was possible to prepare NPs composed of hyaluronic acid (HA, molecular weight 326 ~260 kDa) and PROT (molecular weight ~5 kDa), they were not physically stable and 327 aggregated within hours due to the large difference in molecular weight of HA and PROT. 328
Interestingly, the molecular weight ratio for KC/PROT is ~130 and that for IC/PROT ~140, 329 yet physically stable NPs were formed (for stability data see Section 3.4). As IC is a much 330 stronger polyanion than HA (Cundall, Lawton, Murray and Phillips, 1979) it is able to form 331 stronger complexes with PROT, but strong, linear polyelectrolytes are also known to form 332 stable, however non-stoichiometric complexes (Chen et al., 2003) . The component in excess 333
here, PROT, is expected to charge-stabilise the IC/PROT NPs. 334
The final conclusion is that PROT can either stabilise or destabilise NPs depending on the 335 mode of mixing and the type of carrageenan. Practically, considering the rather small 336 differences in NP properties depending on the use of Method_A or Method_B for the 337 positively charge particles, Method_A was selected for further experiments. No new covalent bonds were created in the process of combining CAR and PROT, but shifts 365 of some absorption bands were evident (Table 2) 
Colloidal stability of IC/PROT NPs 395
A range of formulations with different IC/PROT WMRs and properties were chosen for 396 colloidal stability testing, which was carried out for up to 72h at RT. A large increase in the 397 particle size was noticed only for the positively charged NPs (IC/PROT WMRs of 0.2 and 398 0.5, Figure 7A ) with a very rapid growth in the particle size and flocculation measured for the 399 formulation with an IC/PROT WMR of 0.5. NPs with IC/PROT WMRs of 2 and 4 showed only 400 a small increase in the particle size upon the storage. Interestingly, the increase in the 401 hydrodynamic size of the IC/PROT WMR of 0.5 system after 24h was not accompanied by 402 an increase in PdI ( Figure 7B 1700 1600 1500 1400 1300 1200 1100 1000 900 800
Wavenumber (cm 4S,G
